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ABSTRACT: Phenolics are widely used for over a century in different industries due to their chemical resistance and thermomechanical
properties. However, the presence of voids in phenolic resins has negative effects on the mechanical properties and a conventional approach is to
avoid these by utilizing very long cure cycles. Our alternative approach investigates the tailoring of void size and distribution to achieve a better
balance between processing time and mechanical properties. Therefore, we produced phenolic resin with a void-free microstructure by a long
cure cycle as a reference. To alter the void size and distributions, we utilized different catalysts and a short cure cycle to obtain phenolic resins
and test their ﬂexural properties with respect to the reference. We investigated the fracture surfaces of all materials by SEM, FTIR and compared
results to ﬁnite element modeling that conﬁrmed the effects of different void size and distributions on the mechanical properties. © 2019 The
Authors. Journal of Applied Polymer Science published by Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2019, 136, 48249.
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INTRODUCTION
Phenolics or phenol-formaldehyde resins are amongst the oldest
thermosetting polymers, with excellent ablative properties, low
smoke density, high chemical resistance, and thermal stability.1–5
Such resins have been used in a broad range of applications such
as molding compounds, thermal insulation materials, coatings,
laminates, wood products industry, and structural adhesives,6,7
and most of all as light weight foams in aerospace applications.8,9
Furthermore, phenolics are also utilized as a matrix material for
composite applications in the sport and construction industries
due to their capability of withstanding highly corrosive environ-
ments.10 However, it might be seen surprising even nowadays
phenolic resins still suffer from the slow crosslinking rate and the
high curing temperature.11 Moreover, the mechanical properties of
phenolic resins can be compromised by porosity and how to control
it to a desired level still poses a scientiﬁc and industrial challenge.12
The reason for this is the long and complex polymerization process
together with the generation of water and formaldehyde as by
products. Void-free phenolic parts usually require long heating
cycles,13 thus not only taking a long time to produce but their
production is also energy intensive. Here, we investigate how to
minimize any loss in mechanical properties as a consequence of
implementing a short curing cycle.
Phenolic resins are produced from the polycondensation reaction of
the phenol and formaldehyde. Based on the formaldehyde/phenol
molar ratios and curing properties, phenolic resin is characterized
into two main categories: novolac and resole resins.14–16 Generally,
both cured phenolic resin types (novolac and resole) are almost
identical in terms of mechanical properties and chemical resis-
tance.17 Novolacs are synthesized in the presence of an acid cata-
lyst with an excess of phenol and do not react further without a
curing agent. Hence, to produce a crosslinked structure of novolac
resin, curing agents such as hexamethylenetramine (HMTA) must
be added.17 However, the resin of interest for liquid molding is
resole resin.16 Resoles are prepared in the presence of an alkaline
catalyst with an excess of formaldehyde, producing a soluble and
Additional Supporting Information may be found in the online version of this article.
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fusible prepolymer. Resole structures contain reactive hydroxymethyl
groups and by heating, a crosslinked structure can be produced.17
During the crosslinking of the phenol-formaldehyde resin, the
release of the by-products becomes very difﬁcult as the resin viscosity
rises.18 Consequently, the presence of these by-products in the cured
resin can lead to porosity in the form of macro13 or microvoids
(8–10 μm in size),16 which adversely affects the mechanical properties
of the ﬁnal cured resin.16 However, it has been reported that phenolic
resin with void-free microstructures could be produced if the gelation
time is kept long enough for the water vapor to be released.13,19 This
approach requires a very long heat cure cycle, which is not favorable
for most industries due to time and energy consumption issues. There-
fore, there have been many attempts to accelerate the crosslinking rate
of the phenolic resins with the use of different curing agents 20–23 but
in each case, the formation of voids cannot be avoided.
No existing approaches allow void-free microstructures to be
achieved with a short cure cycle, therefore, a novel approach to opti-
mize the microvoids size and distribution in a fast curing process for
better mechanical properties at minimum processing time is pro-
posed as an alternative. This investigation is inspired by the observa-
tion that in phenolic foams with deliberately high void volumes,
the void diameter and distribution do affect the mechanical prop-
erties in a way that is not predicted by any current models.24 Not
only the void volume fraction but void diameter and void distri-
bution were empirically found to be of importance in determining
the ﬁnal mechanical properties. However, the void size distribu-
tions (100–450 μm) obtained in phenolic foams 25 are signiﬁ-
cantly larger than those in phenolics intended as bulk materials or
as matrix for composite materials. For the latter group of mate-
rials, few studies have considered the effects of the void size and
distribution on the ﬁnal mechanical properties of the cured phenolic
resins.26 Most studies have focused on the investigation of the
effects of formaldehyde/phenol (F/P) molar ratios,27–29 reaction
conditions (temperature and time),26 degree of condensation,30
catalyst concentrations,26 and catalyst type 31 on the ﬁnal properties of
the cured resins. Here, we investigate the possibility of changing the
catalyst type to tailor void size and distributions in order to enable fast
resin curing, while minimizing the effect of voids on the mechanical
properties in comparison to the reference sample.
The objective of this study is to investigate the optimum void size
and diameter distribution as well as the spatial distribution of the
voids in the phenolic produced in a fast curing process and com-
pare their mechanical properties to a void-free reference phenolic.
To this end a cross-linked resole phenolic resin material was
produced using a long cure cycle (4 days) without the use of a
catalyst. A slow action acid catalyst (Phencat 382) and a fast action
acid catalyst (Phencat 10) were then utilized to produce two phe-
nolic resin samples types with varying void sizes and distributions
and mechanical properties (strength and modulus obtained from
bending tests). To visualize and quantify detailed void structures,
diameters and distributions, low voltage scanning electron micros-
copy (LV-SEM) was used to image the fractured surface of the
above three types of cured phenolic resin. The latter enables the
observation of highly localized variation in chemistry and crack
behavior. To account for the effects introduced by the variation of
average chemical composition all of the cured phenolic resins
where subject to analysis by Fourier transform infrared (FTIR).
EXPERIMENTAL
Materials
In this study, a resole commercial phenolic resin called Cellobond
J2027X was used (kindly supplied by Caleb Technical Products
Ltd., UK). This kind of resin is usually available as a water-based
controlled-viscosity resin, which can be cured either with the
application of heat only (long cure cycle) or at lower temperature
(60C), short cure cycle (3 h), with the use of a strong acid cata-
lyst.16 It is suitable for the fabrication of ﬁber composites by hand
layup and resin transfer molding.32 Two types of catalyst
(Cellobond Phencat 382 and Cellobond Phencat 10) supplied by
the same company (Caleb Technical Products Ltd., UK) were
used in this study. Phencat 382 is a relatively slow action acid
catalyst (working life 4 h), which is activated at low temperature,
typically 60–80 C.16 It is an acid-based catalyst consisting of
phosphoric acid, C3-9-alkyl esters (75–90%), and phosphoric acid
(10–25%) by weight. Phencat 10 is a general purpose catalyst for
processes such as contact molding giving working life of about
20 min. It is a composition consists of p-toluenesulphonic acid
(35–50%) and phosphoric acid (10–25%) by weight.
Curing Process of Commercial Resole Phenolic Resin
Two different curing schedules were used to cure the resole phe-
nolic resin:
1-. Long cure cycle, the as received resole phenolic resin was
poured into a PTFE mold and then placed in an autoclave to be
cured using the cure cycle as shown in Figure 1.
2-. Short cure cycle, the resole phenolic resin was ﬁrst mixed
with either slow action acid catalyst (phencat 382), or fast action
acid catalyst (phencat 10), and then poured into the PTFE mold
to be placed in an autoclave using a short cure cycle as shown in
Table I. The catalyst ratio was maintained at 5 wt% of the resin
for all samples.
Characterization
Scanning Electron Microscopy SEM. Scanning electron micros-
copy (FEI Nova Nano SEM 450) was used for the morphology
observation of the fracture surface of the ﬂexural strength sam-
ples. Unlike standard SEM analysis, no conductive coating was
deposited onto the samples. Therefore, a low accelerating voltage
(1 KV) was used to avoid sample surface charging and damage
with typical vacuum pressure of 10−5 mbar, and a working dis-
tance of about 4 mm. Secondary electron images were collected
using either an Everhart–Thornley Detector (ETD) for low mag-
niﬁcation images or a Through Lens Detector (TLD) to obtain
high magniﬁcation images.
Fourier Transform Infrared Spectroscopy. The chemical com-
position of all cured phenolic resins was investigated using a
PerkinElmer Frontier spectrometer. To prepare the FTIR sam-
ple pellet, 2 mg of sample powder (ground from the bulk sam-
ple) was diluted with 300 mg of spectroscopic grade KBr. The
test was performed at room temperature (22  3C) with a
wavenumber range between 4000 and 600 cm−1, and the aver-
age of scan repetitions was 32 scans for each sample at 2 cm−1
of resolution. Before loading the sample, a background spec-
trum was taken as a control.
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Flexural Test. The ﬂexural properties (strength and modulus) of
all specimens were determined using a Lloyd TA500 tensometer.
The test was performed according to the ASTM D790 (standard
test methods for ﬂexural properties of unreinforced and
reinforced plastics and electrical insulating materials) with a span
to sample thickness ratio of 16. Crosshead speeds of all tests were
2.0 mm/min. The tests were performed at room tempera-
ture (22  3C).
The ultimate bending results of each type of phenolic resin were
calculated as an average of seven specimens per test condition. The
ﬂexural modulus was determined from the following formula:
E =
L3 F
4wh3 d
ð1Þ
Where E is the modulus of elasticity in bending (MPa), L is the
support span (mm), F is the peak load (N), w is the width of the
sample (mm), h is the thickness (mm), and d is the sample
deﬂection (mm).
RESULTS AND DISCUSSION
Fracture Surface Characterization
The fracture surfaces obtained by the bending test of the three
types of cured phenolic resin were observed by LV-SEM and
their micrographs are shown in Figure 2. A homogenous fracture
surface without any micron-sized voids was observed for the
reference sample cured without catalyst, using the long cure cycle
(Figure 1), as shown in Figure 2(a). A higher magniﬁcation image
[Figure 2(b)] reveals the presence of a large number of bright
nanostructures with diameters well below 100 nm. Their dimen-
sions are consistent with previous electron microscopy studies of
replicas of fractured phenolic resin surfaces.33 These structures
were interpreted as localized areas of increased crosslinking
density 33 but the observed contrast would have been consis-
tent with voids too. A few such bright nanostructures can be
seen also in at the fracture surface of the specimens prepared
with the slow action catalyst as shown in Figure 2(c,d). How-
ever, the latter fracture surfaces also show clear evidence of
voids with diameters that reach from hundreds of nanometres
to several micrometers. This is more easily seen in the diame-
ter distribution histograms in Figure 3(a), which was derived
from the binary images [Figure 4(a)]. Likewise, we present
SEM images of the fracture surfaces obtained from materials
produced with a fast action catalyst in Figure 2(e,f ) and the
respective diameter distribution histogram in Figure 3(b). The
histogram was derived from the binary images presented in in
Figure 4(b). The histogram [Figure 3(b)] shows clearly that the
overwhelming majority of structures is of submicron size, with
an average diameter of 0.52  0.15 μm, while the SEM images
demonstrates the dense and homogenous coverage [Figure 2
(f)] of the fracture surface with spherical features.
Figure 1. Long cure cycle used to cure phenolic resin without any catalyst. The heating ramp rate and pressure ramp rate were 2C/min and 0.3 Bar/min,
respectively. [Color ﬁgure can be viewed at wileyonlinelibrary.com]
Table I. Short Cure Cycle Used to Cure Phenolic Resin With the Addition of Catalyst
Temperature (C)
Temperature
ramp rate (C/min) Pressure (Bar)
Pressure ramp
rate (Bar/min) Dwell time (min)
80 2.00 7.00 0.30 180
130 2.00 7.00 0.00 60
27 2.00 0.00 0.20 0.00
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To understand the origin of the patterns is worth noting that a
combination of small-angle neutron scattering (SANS) and small-
angle X-ray scattering (SAXS) experiment on phenolic resins rev-
ealed that rough interfaces between voids and phenolic matrix with
a fractal dimensions ~2.46 to 2.6 exist.34 This fractal dimension is
consistent with the existence of Apollonian arrangement for which
a fractal dimensions of 2.4739465 was established.35 Apollonian
packing is found and used in the controlled preparation of ordered
porous ﬁlms exploiting Breath Figures, to produce so called Breath
Figure arrays (BFA).36 In BFA fabrication, the irregular pore arrays
are observed if water droplet can coalesce, while homogenous pore
arrays when the coalesce of water droplets can be prevented.
Therefore, all of the observations in Figure 2 can be understood in
terms of time available before the gel point is reached. If this is
long enough for the release of the water vapor before the start of
crosslinking in the resin structure,19 the formation of voids can be
prevented as is the case in the reference material [Figure 2(a)]. In
contrast, with the use of catalysts, the crosslinking rate of the
phenol-formaldehyde resins is relatively fast. As the amount of
water in the resin increased during the reaction, molecular clusters
can form that then nucleate when the saturation level at a given
temperature and pressure is locally exceeded.12 This leads to
phase-separation and produces water domains.32 With the fast
action catalyst [Figure 2(e,f)), the crosslinking rate is very fast
(only 20 min working life according to the technical data sheet),
and the gelation time is very short. Therefore, the trapped water,
present as a result of the complex polymerization process including
the release of formaldehyde and water as by-products,37 will not be
able to be released or diffuse, resulting in a homogenous distribu-
tion of voids with the very narrow size distribution as seen in
Figure 2. LV-SEM micrographs of the fracture surface of the three types of cured phenolic resins, (a) low and (b) high magniﬁcation images of phenolic resin cured
using long cure cycle without added catalyst, (c) low and (d) high magniﬁcation images of phenolic resin cured with the addition of slow action catalyst (phencat
382), and (e) low and (f) high magniﬁcation images of phenolic resin cured with the addition of fast action catalyst (phencat 10). Arrows in (c) indicate the bubbles
coalescence. Arrows in (d) and (f) (insert micrograph) indicate the cracks. [Color ﬁgure can be viewed at wileyonlinelibrary.com]
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Figure 3(b). In contrast, with the use of a slow action catalyst
[material in Figure 2(c,d)], the cross linking rate is slower (4 h
working life according to the technical data sheet), and the gelation
time is longer. Therefore, the generated water can move and coalesce
leading to the very broad size distribution of voids, as well as a wide
variation in distances between voids. Larger voids tend to be sur-
rounded by void-free zones as can be seen in the binary image and
distance map in Figure 4(a). The distance between small voids in
Figure 4(a) is similar to that found in the distance map obtained
from the material made by the fast action catalyst [Figure 4(b)].
However, the distance to larger voids in Figure 4(a) is substantially
larger than the distance in Figure 4(b).
The above is also reﬂected in Figure 4(c), which compares the
distances between voids in the materials made using slow and
fast action catalysts, respectively. While for the slow action
catalysts, distances between voids can exceed 4 μm, the use of
fast action catalyst results in distances between voids <1.5 μm.
This difference is likely to play a critical role with regards to
the mechanical properties, as the voids do seem to effect crack
initiation and growth as evidenced by Figure 2(d,f ) (indicated
by arrows). Both ﬁgures contain the evidence of cracks (wide
due to the edge effect). In the material produced from the slow
action catalyst [Figure 2(d)] fewer but longer cracks are
observed than in the material made with the fast action cata-
lyst [Figure 2(f) (insert micrograph)]. The longest cracks in
Figure 2(d) are found to propagate in the void-free zones with
no clear termination point, while all of the cracks visible in
Figure 2(f ) (insert micrograph) are terminated at both ends by
voids.
Figure 3. Histogram of voids diameter distribution: (a) phenolic resin cured with a slow action catalyst (phencat 382), and (b) phenolic resin cured with a
fast action catalyst (phencat 10). [Color ﬁgure can be viewed at wileyonlinelibrary.com]
Figure 4. Voids analysis in phenolic resins cured with (a) a slow action catalyst, and (b) a fast action acid catalyst. (c) Histogram of intervoids distance for
the images presented in (a) and (b). Image processing was performed using Fiji software.38 [Color ﬁgure can be viewed at wileyonlinelibrary.com]
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Further differences between the materials made using slow and
fast action catalysts, respectively, is in the volume fraction taken
up by the voids structures. We can only measure area fractions
from the 2D SEM images (28% in materials from fast action cata-
lyst & 33% in materials using slow action catalyst). However, the
volume fraction is only directly proportional to the area fraction
if the sectioning plane intersects the structural features at ran-
dom. As are sections are produced by fracture the later condition
is not necessarily fulﬁlled here, because as seen in Figure 2(d)
(indicated by arrows) wide cracks are seen to run along the larger
voids. While all of the above will affect the mechanical properties
(see sections 3.3 and 3.4 for full details), differences in chemistry
as a result of using the different catalysts could also be responsi-
ble for the differences in mechanical properties.
The Chemical Composition Analysis
Results of FT-IR measurements are presented in Figure 5 in order
to enable component identiﬁcation of the products produced by
the condensation reaction of phenol and formaldehyde. The stan-
dard peak positions39 and the observed peaks of the resole phe-
nol/formaldehyde resins are assigned in Supporting Information
(Supporting Information Table S1).
It was expected that both catalysts used would be observable
through two clear absorption bands; one band at 1650 cm−1,
noted for hydrated phosphates P OH and corresponding to O H
stretching and O H deformation vibrations and second band
between 1300 and 900 cm−1 that is characteristic of P O and
C O vibrations.40 In this reaction, these absorption bands cannot
be independently isolated as both bands coincide with the phenolic
resin bands at 1594 cm−1, corresponding to the absorption of
C C of phenyl rings, and bands 1100 cm−1, which are the charac-
teristic of the C H ﬂexural of phenyl rings.
Two bands observed at 1630 cm−1 and 1612 cm−1 are of particu-
lar interest. The ﬁrst band was noted as the C O stretch
Figure 5. The IR spectrum of phenol/formaldehyde resin cured (a) without
catalyst, (b) with a slow action catalyst (Phencat 382), and (c) with a fast action
catalyst (Phencat 10). [Color ﬁgure can be viewed at wileyonlinelibrary.com]
Figure 6. Two possible reactions of phenol/formaldehyde resin with acid catalyst.
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(overlapped with OH scissors of water), which is the characteristic
of unreacted formaldehyde. This ﬁrst band has higher intensity
when the materials is made using a catalyst with a short cure cycle
when compared to phenolic cured without a catalyst using long
cure cycle. This absorption band can be interpreted in either of the
two ways: ﬁrstly, the resins formed using a catalyst might have a
slightly reduced cross linking density or secondly, and more likely,
the acid catalyst pushes the equilibrium of the two-step reaction
toward the second step of the polymerization of phenolic resin.
Either interpretation results in less formaldehyde being used in the
initial reaction and thus leads to the presence of unreacted formal-
dehyde. The latter is more likely because it is observable that the
phenolic resin cured with a fast action acid catalyst showed a stron-
ger 1630 cm−1 band when compared to that of phenolic resin cured
with a slow action acid catalyst. This result would be expected as
the fast catalyst is the more acidic.
An interesting feature is the absorption band present at 1612 cm−1.
This absorption band displays a greater intensity in the case of phe-
nolic resin cured without catalyst than that of either catalyst. The
band is caused by the C C aromatic ring within a functional
group of phenol-formaldehyde resin. This is the product of the ﬁrst
step reaction of phenol and formaldehyde and therefore is consistent
with the premise that the acid catalyst is slowing down the forma-
tion of this product.
Two interesting bands were also noted at 2912 cm−1 and
1100 cm−1, these bands are attributed to methylene and ether
bridges, respectively.39Changes in the two bands values were observed
between the two catalysts. These changes are expected to originate
from the differences of the phenol-bonding mechanism. It was noted
that there was a reduction of ether bridges within phenolic resin cured
with a fast action catalyst when compared to that of phenolic resin
cured with a slow action catalyst and a consequential increase inmeth-
ylene bridges in phenolic cured with fast catalyst when compared to
that of phenolic cured with slow catalyst. The more acidic the catalyst,
the more that the phenol is protonated and therefore the less nucleo-
philic it is. As a result, it is less likely that it will follow a secondmecha-
nism and form ether bridges (see Figure 6). The results observed point
to an increased likelihood that the ﬁrst mechanism is the correct one.
If so, themore acidic catalyst (fast action catalyst) will promote the for-
mation of methylene bridges within the phenolic. Methylene bridges
have a greater bond strength than that of ether bridges.41 This can
result in different mechanical properties of the phenolic due to more
methylene bridges (see section 3.3).
Flexural Strength and Modulus
The ﬂexural properties of the three types of cured phenolic resins
were determined and are presented in Table II. It can be seen
that the phenolic resin cured without a catalyst, using a long cure
cycle (almost 4 days), has the highest average values of ﬂexural
strength (88  18 MPa) and modulus (3.2  0.28 GPa) in com-
parison to those of phenolic resins cured with catalysts. This is
expected and can be explained in part by the reduced area of
phenolic resin due to the presence of voids when prepared with
catalysts. With the use of a slow action catalyst, the ﬂexural
strength and modulus of the cured phenolic resin were decreased
Table II. Flexural Properties of The Three Types of Cured Phenolic Resins
Sample
Flexural
strength (MPa) STDEV
Flexural
modulus (GPa) STDEV
Deﬂection
(mm) STDEV
Phenolic without catalyst 88 18 3.2 0.28 1.2 0.25
Phenolic with slow action catalyst
(382)
47 8 2.0 0.25 0.99 0.11
Phenolic with fast action catalyst
(10)
68 12 2.3 0.43 1.2 0.25
Figure 7. The microstructural representations of phenolic resin cured with a slow action catalyst (Phencat 382) (~150 individual microvoids) and a fast
action catalyst (Phencat 10) (~300 individual microvoids). Each model has an overall solid density of 70%.
ARTICLE WILEYONLINELIBRARY.COM/APP
48249 (7 of 10) J. APPL. POLYM. SCI. 2019, DOI: 10.1002/APP.48249
to 47  8 MPa and 2.0  0.25 GPa, respectively. The presence of
the voids in the cured resin increases the pressure on the sur-
rounding resin and also they act as stress concentrators rendering
the material more fragile.42,43. When the sample is subjected to a
load, stress and strain concentrations will be generated around the
voids causing a local plastic deformation. Then with increasing
load, cracks will be initiated and grow in the voids-free resin zones,
with the resultant reduction in the resin strength.44,45 Such cracks
were clearly observed by SEM image as shown in Figure 2(d).
However, it is important to point out that the average values of
the ﬂexural strength (68  12 MPa) and the ﬂexural modulus
(2.3  0.43 GPa) of the phenolic resin cured with a fast action
catalyst were higher than those of phenolic resin cured with a
slow action catalyst. Moreover, some of the tested samples from
the phenolic resin cured with a fast action catalyst showed very
close or even the same ﬂexural strength values as some of phenolic
resin cured without a catalyst (see Supporting Information Table S3
and Figure S1). By taking into account the void volume fraction, it
has been noted that the ﬂexural strength of the phenolic resin
cured with a fast action catalyst was similar to the ﬂexural strength
of the reference sample (cured without catalyst). Whereas in the
case of using a slow action catalyst, the ﬂexural strength remains
lower than that of reference and fast action cured samples.
Therefore, the differences in the ﬂexural properties between the
two phenolic resins (cured with either slow or fast action catalyst)
can be attributed to both the structural and chemical changes
presented in this article. In terms of the chemical changes, it is
possible that the presence of high prevalence methylene bridges
Figure 8. The comparison of the stress distribution in models that represent phenolic resin cured with a slow action catalyst (phencat 382) (a,c) and pheno-
lic resin cured with a fast action catalyst (phencat 10) (b,d). The resulting von-Mises stress is plotted (a,b) as a cross section of the cube. Red indicates a
stress of 88 MPa, while blue indicates a minimum stress of 0. Parts (c) and (d) are top down views of the model highlight only the top 20% of stresses
(70-88 MPa) within the system. The red-dashed line indicates the cross section seen in parts (a) and (b). Parts (e) and (f) are the SEM micrographs of the
fracture surface of the phenolic cured with slow action catalyst and fast action catalyst, respectively. The small images to the right of the ﬁgure highlight the
direction of the image seen. [Color ﬁgure can be viewed at wileyonlinelibrary.com]
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in the case of using a fast action catalyst (as discussed within
FTIR analysis in section 3.2) could potentially improve the ﬂex-
ural properties of the cured resin. But more signiﬁcantly, it can
be conﬁrmed that the increase in the ﬂexural properties in the
case of using fast action catalyst were due to the void size and
distribution in the cured resin. For instance, in phenolic foams, it
has been found that the cell size and cell distribution have signiﬁ-
cant effects on the ﬁnal mechanical properties of the foam.
Smaller and more uniform cell size in the ﬁnal cured foam will
potentially improve the mechanical properties.24 Similarly, in this
study, the LV-SEM micrograph and image analysis of the fracture
surface of the phenolic resin cured with a fast action catalyst
shows small and uniform void diameter distribution, whereas a
non-uniform void diameter distribution was observed in the case
of using slow action catalyst (see section 3.1).
To understand this further, it was thus conﬁrmed that the void
diameter distribution plays a major role in the crack initiation
and propagation. Small cracks terminated at both ends by voids
were observed in the fracture surface of phenolic resin cured with
a fast action catalyst. It was assumed that the small and uniform
distances between the small voids can help to prevent the crack
propagation in the void-free resin. This is in contrast, to the
cracks in the case of using a slow action catalyst was fewer and
longer cracks exist, which are seen by SEM in Figure 2(d) to
propagate in the void-free area and also along the large voids.
Moreover, the long boundary between the void-free area and the
large voids is also expected to accelerate the crack growth and
hence the early sample failure. All the above were further con-
ﬁrmed by the model in section 3.4.
Finite Element Modeling
To study the effect of the void size and distribution of phenolic resin
cured with slow and fast action catalyst has upon the stress concen-
tration and ultimately the failure strength of the resins, we employ a
simplistic ﬁnite element model. Experimental void sizes calculated in
Figure 3 are directly implemented into a ﬁnite element model using
an approach previously used to study the effect of electric ﬁeld
enhancement in electro-ceramic materials.46 Treating the voids as
hard spheres, the lists of diameters are randomized and then sequen-
tially positioned randomly into a cube. This process continues until
the effective density of the solid is reduced to 70% (assuming both
materials have the same voids area fraction [30%] for simpliﬁcation).
These spheres are then subtracted from the solid cube to form the
semidense structure replicated the two materials. Due to the differ-
ences in size and number of voids for each system (as already seen in
SEM images [section 3.1]), the size of the cube is modiﬁed to save
computation time. Hence, to create models for phenolic resin cured
with a fast action catalyst requires approximately 300 voids in a cube
of 5μm3, while for phenolic resin cured with a slow action catalyst,
approximately 150 voids in a cube of 15μm3 are need to generate a
70% dense solid. An example for each model can be seen in Figure 7.
The models are then imported into COMSOL 47 and solved using
the structural module. We assume the resin Young’s modulus is
3.2 GPa with a Poisson’s ratio of 0.3.48 The model assumes the
resin is entirely elastic and isotropic. Due to the simplicity in per-
forming the model with the tensile load instead of the bending
load, we apply a tensile load of 21 MPa on the top surface as a
reference. This value is chosen as it generates a maximum stress
in both samples of approximately 88 MPa, the failure point of
the microvoid-free sample. The bottom surface was restricted in
movement within plane and a single node in the center of the
surface ﬁxed rigidly in all dimensions to not overly constrain
the system. Symmetry was employed on the other four surfaces
to replicate a central region of “bulk”-like material. The model
was then discretised with over two-million tetrahedron elements,
ensuring convergence of the results. Figure 8 shows von-Mises
stress, highlight in red, the points at which failure may begin. In
Figure 8(a), it can be seen that the representation of phenolic resin
cured with a slow action catalyst (phencat 382) generates signiﬁcant
stresses between the large voids (over 70 MPa), which extends over
a few micrometers in length. This is in comparison to phenolic resin
cured with a fast action catalyst (phencat 10) where stresses are as
great but highly localized between the small particles and typically
restricted to less than 1 μm in length due to the proximity of the
voids [Figure 8(b)]. To highlight this further, we plot only the
stresses greater than 70 MPa in Figure 8(c,d) as a top-down view. It
is clearly visible that for phenolic resin cured with a slow action cat-
alyst high stresses are located around the circumference of larger
voids in relation to the applied stress [Figure 8(c)] and extend
through the system to other large voids. The same high stresses in
phenolic resin cured with a fast action catalyst are only found
between two closely placed voids [Figure 8(d)]. If the yield strength
of the material is considered to be the point at which a crack would
form and spread, it is clear that for phenolic resin cured with a fast
action catalyst, these cracks would be between neighboring voids,
traveling less than 1 μm. Conversely, for phenolic resin cured with a
slow action catalyst, due to the increased distance between voids, the
crack could propagate much further, and as such reach a critical
point for fracture earlier. This is clearly consistence with the SEM
micrographs shown in Figure 8(e,f) and also in good agreement
with the ﬂexural property results in section 3.3 (Table II).
CONCLUSIONS
LV-SEM combined with the ﬁnite element modeling suggests that
the size and spatial distribution of the voids in the cured phenolic
resin are of great importance in determining the ﬁnal mechanical
properties of the resin. While the conventional approach in phe-
nolic resins is to minimize or to avoid the void content in the
cured resin, here we show that for the similar void content,
achieving a homogenous void distribution is critical. More atten-
tion should be paid to the engineering of voids size and distribu-
tion. With the use of fast action catalyst in curing the resole
phenolic resins, a better balance between the properties and cure
cycle could be achieved.
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